Short interference RNA (siRNA) is of considerable interest in biology and medicine because of its unique capability in probing gene functions and in attenuating progression of some currently incurable diseases.^[@R1]^ However, similar to other antisense therapeutics, *in vivo* use of siRNA represents a major challenge due to the delivery problem.^[@R2]^ This problem could also potentially propagate into *in vivo* applications of the genome editing technology^[@R3]-[@R6]^. Advances in bioengineering and nanotechnology in the past several decades have produced a number of delivery technologies, including liposome, polymers, peptides, and inorganic nanoparticles.^[@R7]-[@R9]^ Their clinical translation and commercialization, however, are still limited to delivery of siRNA to the liver.^[@R10]-[@R11]^ Targeted systemic delivery of biologics to other organs and cells (in particular, specific cell compartments) of interest remains a major problem.

A fundamental issue of *in vivo* targeted siRNA delivery is the *conflicting design requirements* during different stages of siRNA interaction with the biological system. As siRNA molecules are large in size, hydrophilic, and susceptible to enzymatic degradation, delivery vehicles are needed to bring them to desired cell types and intracellular spaces. During the initial step of administration and blood circulation, the delivery vehicle-siRNA complex should avoid excessive positive charges to reduce toxicity, aggregation in serum, and non-specific binding with serum proteins and cells. At the same time, because siRNA molecules are negatively charged, the delivery vehicles need to be highly positively charged for siRNA condensation and protection. Furthermore, during the stage of endosome escape (after siRNAs are endocytosed), cationic materials are again needed to facilitate endosomolysis. Indeed, regardless of the chemical composition (*e.g.*, lipids, polymers, and inorganic materials), vast majority of siRNA delivery vehicles are positive charged.^[@R12]-[@R13]^ As a result of the contradictory requirements to avoid positive charges for *in vivo* targeting and to have positive charges for cargo condensation and endosome escape, the conventional delivery vehicles are highly efficient in transfecting siRNA into cells *in vitro*, but have largely failed the task of targeted delivery *in vivo*.^[@R10]^

Here, we report the development towards a 'perfect' siRNA delivery system that simultaneously accommodates all the design requirements, including compact size, precisely controlled siRNA loading, endosomolytic capability, absence of excessive positive charge, immunocompatibility, and flexibility in siRNA and ligand selection. This class of nanocarrier is enabled by two design concepts: i) engineering natural proteins and their assembly in a one-domain-one-function architecture; and ii) sterically masking unnatural functional peptides for immunocompatibility. We demonstrate this idea by combining three key building blocks into a compact nanoparticle with a discrete number of RNA loading sites. The building blocks include a natural human protein, double-strand RNA binding domain (dsRBD), that is capable of binding with double stranded RNA (dsRNA) in a sequence-independent fashion,^[@R14]^ a short peptide (H~2~E, 9 repeats) capable of proton buffering to aid endosomolysis, and a branched polyethylene glycol (PEG) as the structural scaffold. As shown in [Figure 1a](#F1){ref-type="fig"}, upon incubation with a siRNA-targeting ligand bioconjugate (*e.g.*, siRNA-aptamer, siRNA-small molecule ligand, or siRNA-antibody), the siRNA end will dock into the dsRBD domain stoichiometrically, rendering the ribonucleoprotein complex octamer (RNP~8~) complete in desired functionalities, such as high payload of siRNA, exposed and accessible targeting ligand, free of excessive positive surface charges and aggregation, and small in size. More importantly, we took immunocompatibility into consideration during the design for potential clinical translation. The exquisite structure of RNP~8~ features a protein shell of human origin and a short non-natural peptide sandwiched between two bulky macromolecules (dsRBD and branched PEG). In this arrangement, the endosomolytic (H~2~E)~9~ peptide is sterically hindered from interacting with macrobiomolecules such as antibodies (typical dimensions of IgG are approximately 14.5 × 8.5 × 4.0 nm),^[@R15]^ yet still accessible to proton (\~ 1 Å).

RESULTS {#S1}
=======

Construction and assembly of RNP~8~ {#S2}
-----------------------------------

Human dsRBD is genetically modified by inserting the endosomolytic (H~2~E)~9~ peptide to its C-terminus. The C-terminus of the dual functional protein is then activated by Sortase A to introduce an azide group and linked to the branched PEG (8 arms) *via* site-specific click chemistry ([Supplementary Figure S1](#SD1){ref-type="supplementary-material"}). To saturate the eight reactive sites in the branched PEG, excess dsRBD (with the azide modification) was added. As shown in the electrophoretic mobility shift assay ([Figure 1b](#F1){ref-type="fig"}), higher molar ratio of dsRBD to PEG promotes formation of multivalent structures. When dsRBD reaches 2.5 fold of the stoichiometric ratio to the PEG reactive sites, the desired octamer forms without impurities of lower valence. Excess dsRBD monomer can be easily removed using size-exclusion chromatography ([Figure 1c](#F1){ref-type="fig"}).

In parallel, a bioconjugate was constructed by linking a siRNA sequence of interest (cargo molecule) with a targeting ligand for targeted siRNA delivery. Due to the broad selection of siRNA sequences and targeting ligands (*e.g.*, antibodies, aptamers, and small-molecules), the combinations are virtually unlimited, potentially enabling precision therapy. For example, several siRNA-aptamer conjugates have been recently used to suppress tumor growth or sensitize tumors for chemo- or radio-therapy,^[@R16]-[@R18]^ while others were demonstrated to reduce HIV viral loads and protect from helper CD4+ T cell decline in humanized mice.^[@R19]^ In our study, we chose a siRNA targeting Plk1, whose depletion induces apoptosis, and a small-molecule ligand, 2-\[3-(1,3-dicarboxypropyl)ureido\]pentanedioic acid (DUPA), against prostate specific membrane antigen (PSMA).^[@R20]^ Previously, PSMA has been identified as one of the most attractive cell surface marker for both prostate cancer cells and neovascular endothelial cells.^[@R21]^ Accumulation and retention of PSMA targeting probes at the site of tumor growth is the basis of radioimmuno-scintigraphic scanning and targeted therapy for human prostate cancer metastasis.^[@R22]^ DUPA was linked to the 5′ end of the siRNA sense strand with a short PEG spacer in between to provide flexibility to the DUPA ligand ([Supplementary Figure S2](#SD1){ref-type="supplementary-material"}). To ensure siRNA loading into the RNA-induced silencing complex (RISC), a cleavable disulfide bond was also introduced just before the siRNA strand to allow it to shed the targeting ligand once inside cells ([Supplementary Figure S3](#SD1){ref-type="supplementary-material"}).

When the dsRBD octamer and the siRNA-DUPA conjugate are mixed together, the siRNA end of the conjugate docks into the peripheral dsRBD in a one-on-one fashion (one dsRBD monomer-one siRNA), whereas the DUPA end remains exposed and accessible.^[@R23]-[@R25]^ Because the assembly is not based on electrostatic interactions (aggregation free), the ribonucleoprotein octamer is in excellent size range for blood vessel extravasation and deep tissue penetration.^[@R26]^ To confirm the functionality of dsRBD after immobilized onto the PEG scaffold, it was incubated with siRNA-DUPA at various molar ratios. As shown in [Figure 1d](#F1){ref-type="fig"} and [Supplementary Figure S4](#SD1){ref-type="supplementary-material"}, when the siRNA-DUPA/dsRBD octamer ratio is greater than 8, two discrete bands representing free siRNA-DUPA and saturated RNP~8~, can be visualized by gel electrophoresis. When the ratio decreases (RNP~8~ becomes less and less saturated), the free siRNA band disappears whereas the unsaturated dsRBD octamer band shifts towards the loading wells (fewer RNA per particle leads to lower surface negative charge and consequently slower mobility). This study shows the preserved functionality of dsRBD on the PEG core. Furthermore, the binding stability of RNP~8~ (between siRNA and dsRBD) was tested in mouse serum. As shown in [Figure 1e](#F1){ref-type="fig"}, the protein-siRNA complex dissociates very slowly, with a half-life exceeding 18 hours. Considering the non-covalent nature of RNP~8~ self-assembly, this outstanding binding stability pave the road for downstream *in vitro* and *in vivo* applications.

Besides gel electrophoresis, we also characterized the fully assembled RNP~8~ with transmission electron microscopy (TEM). Due to the 3-D structure and the low electron density of the biomolecule nanoparticle, direct observation of its eight arms is difficult. Nevertheless, the TEM micrographs clearly show the uniform size of RNP~8~ ([Figure 1f & g](#F1){ref-type="fig"}). To further confirm the nanoparticle size in solution, dynamic light scattering (DLS) was used to measure the hydrodynamic sizes of the dsRBD octamer (without cargo) and RNP~8~ (with cargo). As shown in [Supplementary Figure S6](#SD1){ref-type="supplementary-material"}, the nanocarrier features a size of approximately 29 nm in diameter, and it increases by \~2.5 nm after siRNA loading. Zeta potential analysis shows that the surface charges of the nanostructures are −3.7 mV before cargo loading and −12.8 mV after siRNA loading, proving RNP~8~ does not belong to the conventional cationic nanocarriers.

*In vitro* cell binding and uptake {#S3}
----------------------------------

To evaluate the cellular binding efficiency, RNP~8~ was incubated with prostate tumor cells with differential levels of PSMA expression (LNCaP, 22RV1 and PC-3) at room temperature (20 °C) for 1 hour, and the results were benchmarked against siRNA-DUPA conjugate (without the nanocarrier). For quantitative comparison using flow cytometry, the siRNA antisense strand was fluorescently labeled with Alexa Fluor (AF) 555 at the 5′ end (dyes labeling doesn't interference RNP~8~ assembly, [Supplementary Figure S7](#SD1){ref-type="supplementary-material"}). A number of interesting results can be observed in [Figure 2a](#F2){ref-type="fig"}. First, both siRNA-DUPA and RNP~8~ efficiently bind to LNCaP and 22RV1 cells (highly positive in PSMA expression) but not the PC-3 cells (no PSMA expression). This correlation between single cell fluorescence intensity and PSMA expression level demonstrate the binding specificity of the DUPA ligand. To further confirm the specificity of binding, an inhibition assay was conducted utilizing a well-established PSMA inhibitor that shares the same binding pocket with DUPA.^[@R20]^ The cell fluorescence signals due to binding with the RNP~8~ or siRNA-DUPA gradually decreased to the background level with increasing concentrations of the inhibitor ([Figure 2b](#F2){ref-type="fig"}).

Second, when more quantitative comparison was made by plotting cell binding affinity profiles for siRNA-DUPA, RNP~8~, siRNA-DUPA complexed with a single dsRBD ([Figure 2c](#F2){ref-type="fig"}), it was interesting to note that cell binding of RNP~8~ is approximately 20-fold higher than that of siRNA-DUPA. This is somewhat counterintuitive since siRNA-DUPA bound to a large dsRBD octamer should have lower binding affinity to PSMA receptors (due to potential steric hindrance from dsRBD) compared to siRNA-DUPA alone. Indeed, when RNP monomer (siRNA-DUPA and dsRBD complex without oligomerizing on the 8-arm PEG) was introduced to the PSMA-positive cells, the cell fluorescence intensity was approximately 2-3 folds lower than that of cells treated with siRNA-DUPA. Therefore, the enhanced binding activity of RNP~8~ is likely due to the multivalency effect. It is known that binding between two entities through multiple molecular recognition events can convert low-affinity monovalent binding to high affinity.^[@R27]-[@R28]^ To evaluate the multivalency effect for RNP~8~, the dissociation constant (K~D~) for RNP~8~-PSMA receptor binding was measured and compared to siRNA-DUPA binding with PSMA receptor using the surface plasmon resonance (SPR) assay ([Figure 2d](#F2){ref-type="fig"}). RNP~8~ shows a K~D~ of sub-nM, approximately 100 times stronger than that of siRNA-DUPA (K~D~ = 82.1 nM).

Next, we evaluated intracellular uptake by incubating RNP~8~ with cells at 37 °C for different durations. After 2h incubation, quantitative analysis measuring internalized siRNA using stem-loop polymerase chain reaction (PCR) reveals that both RNP~8~ and siRNA-DUPA efficiently enter PSMA-positive LNCaP cell, but not the PSMA-negative PC-3 cells. Similar to the cell binding experiment, cell uptake of RNP~8~ was 6-fold higher than siRNA-DUPA and 30-fold higher than naked siRNA without the DUPA ligand ([Figure 3a](#F3){ref-type="fig"}). The elevated cell uptake of RNP~8~ is likely resulted from its high binding affinity to cell surface receptors and high payload (each binding event triggers the uptake of 8 siRNA molecules). Furthermore, this uptake is both time- and dose-dependent, and increasing the incubation time or RNP~8~ concentration leads to higher concentration of siRNA inside cells ([Figure 3b](#F3){ref-type="fig"}).

To follow RNP~8~'s intracellular trafficking, cells were imaged with confocal microscopy. RNP~8~ particles are mainly associated with the cell membrane after 15-min incubation ([Figure 3c](#F3){ref-type="fig"}). As the incubation time increases, more RNP~8~ nanoparticles enter cells through endocytosis. At 1-h time point, a significant amount of internalized RNP~8~ (siRNA labeled with a red fluorophore) is co-localized with LysoTracker Green. This colocalization pattern diminishes after 3 hours, indicating effective endosomal escape of RNP~8~. Note that some red fluorescence still appears to be punctuated, likely due to newly ruptured endosomes, where siRNAs are much more concentrated than the ones that have diffused away and diluted in the cytosol. It has been shown previously by others and us that short histidine oligomers with a pKa value of 6 promote cargo cytoplasmic release due to their proton buffering capacity.^[@R25],\ [@R29]-[@R30]^ At neutral pH, they are mainly deprotonated, whereas in acidic compartments such as endosome, His protonation results in osmotic swelling and cargo release, a mechanism proposed as the proton sponge effect.^[@R31]^ In our current study, we inserted a short 27-amino acid peptide, (H~2~E)~9~, between the bulky dsRBD and branched PEG. The histidines (18 in each arm, 144 for 8 arms combined) are responsible for endosomolysis. Because His is generally hydrophobic at neutral pH, H~2~E repeats are used to improve peptide solubility (E: glutamic acid, highly hydrophilic). The endosomolytic function of the H~2~E repeats is confirmed by engineering a truncated version of RNP~8~ where the dsRBD block is directly immobilized around the periphery of the PEG without the H~2~E repeats. The control RNP~8~ shows negligible endosomal escape after 6-h of incubation ([Figure 3c](#F3){ref-type="fig"}).

To investigate the dissociation of RNP~8~ complex in cells (also known as unpackaging), we dual labeled the cargo siRNA-DUPA with a red fluorophore and the delivery vehicle, dsRBD octamer, with a green fluorophore. At early stage of RNP~8~ interaction with cells (15 min and 1 h), the cargo and delivery vehicle remain associated as indicated by co-localization of the green and red fluorescence on cell membrane and in endosomal vesicles (merged color, yellow, [Figure 3d](#F3){ref-type="fig"}). At longer incubation times (3 h and 6 h), the green and red fluorescence separate. This observation provides direct evidence of active siRNA release from RNP~8~ into the cytoplasm that is desirable for siRNA loading into the RISC complex (a critical step in RNAi). Since dsRBD recognizes RNA in a sequence-independent fashion and binds with longer RNA with higher affinity,^[@R32]^ we hypothesized that the dissociation is triggered by displacement of siRNA from dsRBD by the highly abundant RNA molecules in cytosol. To verify it, RNP~8~ was incubated with total RNA isolated from cells. At the RNA concentration of 80 ng/μL (which is still much lower than the cytosolic RNA concentration), siRNA/dsRBD complex is totally disrupted ([Figure 3e](#F3){ref-type="fig"} & [Supplementary Figure S9](#SD1){ref-type="supplementary-material"}).

*In vitro* gene knockdown {#S4}
-------------------------

To evaluate the RNAi efficacy *in vitro*, the DUPA-targeted RNP~8~ (the siRNA sequence in it is against Plk1 expression) was tested in LNCaP cells in comparison with a number of controls. To directly assess gene expression suppression, we first measured the Plk1 mRNA level in treated cells using quantitative real-time PCR. The mRNA level in cells treated with a control siRNA sequence, siRNA against Plk1, and siRNA (against Plk1)-DUPA remains unchanged compared to the untreated cells ([Figure 4a](#F4){ref-type="fig"}). The siRNA (against Plk1)-DUPA conjugate shows excellent silencing effect, however, requiring the presence of a conventional cationic transfection agent (Lipofectamine). Similarly, the RNP~8~ nanoparticles exhibit a dose-dependent silencing performance. At 100 nM siRNA (RNA~8~ concentration equals to 100/8 nM), the Plk1 expression is suppressed by 60%; whereas at 300 nM siRNA, the reduction reaches approximately 74%. In terms of the silencing efficacy, RNP~8~ is less efficient compared to Lipofectamine under the *in vitro* transfection condition. However, it is important to point out that Lipofectamine and other cationic carriers are not suitable for targeted *in vivo* delivery (except niche applications such as delivery to the liver), which is the key problem we are trying to address here.^[@R33]-[@R35]^ In line with the Plk1 mRNA level decreases, the Plk1 protein expression is also decreased upon RNP~8~ treatment (western blot analysis [Figure 4b](#F4){ref-type="fig"}, and flow cytometry [Figure 4c](#F4){ref-type="fig"}).

Next, we assessed the anti-proliferation effect of Plk1 silencing using the Alamar Blue assay ([Figure 4d](#F4){ref-type="fig"}). Silencing Plk1 expression by RNP~8~ dramatically reduces LNCaP proliferation in contrast to cells treated with siRNA-DUPA. This anti-proliferation effect well correlates with cells arrested in the G2/M phase ([Figure 4e](#F4){ref-type="fig"}). It is well-documented that cells arrested in G2/M phase may undergo apoptosis. We studied this effect by labeling the LNCaP cells with Annexin V and Propidium iodide (PI), markers for apoptosis and cell death. Our results show that in the absence of transfection reagents, RNP~8~ strongly induces cell apoptosis ([Figure 4f](#F4){ref-type="fig"}). The cell death (sum of early apoptotic, late apoptotic and necrotic cell population) is 54.3% of the total cell population, in contrast to 13.2% in untreated cells and 12.5% in cells treated with siRNA-DUPA, showing the therapeutic effect of RNP~8~ *in vitro*. The presence of other apoptotic indicators such as active caspase 3 and 7 were also confirmed in cells treated with RNP~8~ ([Supplementary Figure S12](#SD1){ref-type="supplementary-material"}).

Targeted siRNA delivery *in vivo* {#S5}
---------------------------------

LNCaP and PC-3 xenografts were grown subcutaneously in immunodeficient mice. LNCaP and PC-3 cells are established prostate cancer cell lines that originated from a lymph node and bone metastases respectively. To probe RNP~8~'s biodistribution, the DUPA-siRNA in RNP~8~ was labeled with Alexa Fluor 680, and its fluorescence was monitored with near infrared (NIR) imaging after intravenous injection. Three hours post-injection, mice receiving RNP~8~ displayed strong NIR fluorescence signals in the LNCaP tumors, but not the PC-3 tumors. More importantly, the fluorescence persisted in the LNCaP tumors for at least 24 h whereas fluorescence signals in other organs quickly decayed away ([Figure 5a](#F5){ref-type="fig"} & [5b](#F5){ref-type="fig"}, [Supplementary Figure S13 & S14](#SD1){ref-type="supplementary-material"}). In contrast, when siRNA-DUPA was administered alone (not complexed with dsRBD octamer), a very limited quantity of siRNA-DUPA reached the tumor sites, likely due to its lower binding to tumor cells and faster clearance from systemic circulation ([Figure 5c](#F5){ref-type="fig"}). Tumors and other major organs were dissected and imaged again for more quantitative assessment (avoid light attenuation by the skin). Consistent with the non-invasive imaging results, RNP~8~ accumulates in LNCaP tumors at a significantly higher concentration than the other organs ([Figure 5a](#F5){ref-type="fig"}). Compared to siRNA-DUPA and RNP~8~ without DUPA, RNP~8~ carries a significant higher amount of siRNA to the tumor ([Figure 5a](#F5){ref-type="fig"}). Confocal fluorescence imaging of LNCaP tumor thin sections also confirms these results. Red fluorescence from dye-labeled siRNA is easily detected in tumors treated with RNP~8~, but not with siRNA-DUPA alone ([Figure 5d](#F5){ref-type="fig"}).

We then proceeded to evaluate the therapeutic activity of RNP~8~ in mice bearing LNCaP or PC-3 xenografts. RNP~8~ and control compounds (PBS and siRNA-DUPA) were administered systemically once every 3 days for a total of 11 doses. A pronounced inhibition of LNCaP tumor growth was observed in animals treated with RNP~8~. In contrast, tumors in PBS or siRNA-DUPA treated animals exhibited a sustained increase in tumor volume through the entire treatment period ([Figure 6a](#F6){ref-type="fig"}, left panel). No body weight decrease was observed in all the treatment groups during the 1-month treatment time, showing the safety for both RNP~8~ and siRNA-DUPA ([Figure 6b](#F6){ref-type="fig"}). Additional toxicity evaluations such as *in vitro* cytotoxicity and *ex vivo* histology further confirm the absence of acute toxicity ([Supplementary Figure S15 and S16](#SD1){ref-type="supplementary-material"}).

To further characterize the *in vivo* therapeutic effect, a number of control experiments were carried out. First, when RNP~8~ was given to mice bearing PC-3 xenografts ([Figure 6a](#F6){ref-type="fig"} and [6b](#F6){ref-type="fig"}, right panels), no therapeutic effects (both tumor growth rate and endpoint tumor mass) were observed compared to the tumors treated with PBS, indicating the dominant effect of molecular targeting over enhanced permeability and retention (EPR). Second, LNCaP tumors were treated with RNP~8~ formulations without the DUPA targeting ligand, the cleavable disulfide bond, or the H~2~E repeats. As shown in [Figure 6c](#F6){ref-type="fig"}, virtually no anti-tumor effect is observed, demonstrating the significance of simultaneously achieving all criteria in delivery vehicle design. Third, to benchmark the RNP~8~ performance against existing technologies, polyethylenimine (PEI), one of best established siRNA delivery vehicles, was used to deliver siRNA-DUPA. Only minor tumor growth suppression effect was observed ([Figure 6c](#F6){ref-type="fig"}) compared to that of RNP~8~. The low efficiency is likely resulted from cationic carriers' poor targeting ability and colloidal stability due to the excess positive charges.^[@R36]-[@R37]^

The anti-tumor effect was further examined microscopically. Histological analysis shows liquefactive necrosis-like areas in LNCaP tumors treated with RNP~8~, but not in tumors treated with PBS or siRNA-DUPA ([Figure 6d](#F6){ref-type="fig"}, top panels). Immunohistochemistry (IHC) studies were also conducted to confirm Plk1 knockdown. Plk1 immunoreactivity (brown deposits) is significantly reduced in RNP~8~ treated LNCaP tumor compared to the control groups ([Figure 6d](#F6){ref-type="fig"}, middle panels). Furthermore, using the TUNEL assay, apoptotic cells are clearly visible in RNP~8~-treated LNCaP tumors (green fluorescence in [Figure 6d](#F6){ref-type="fig"}, bottom panels). Taken together, these results demonstrate highly specific and efficient gene silencing and anti-tumor activities of RNP~8~ *in vivo*.

Preliminary evaluation of immune responses {#S6}
------------------------------------------

A remaining issue is potential immunogenicity, which is a critical factor for clinical translation. Although recombinant human proteins are not entirely free of immune-responses except of a few cases, they are generally much less immunogenic than exogenous proteins (frequency of developing immune responses to FDA-approved biologics typically limited to a few percent).^[@R38]^ In parallel, the chemically modification of the siRNA (2′-OMe) not only improves its stability against enzymatic degradation but also helps it to escape the recruitment of toll-like receptors 7 and 8 (TLR7/8) *in vivo*.^[@R39]^ Nevertheless, we systematically probed the responses of 8 cytokines related to the innate and adaptive immunity in primary human peripheral blood mononuclear cells (PBMCs) after exposure to RNP~8~ or siRNA-DUPA (cargo only). Neither RNP~8~ nor siRNA-DUPA triggers cytokine responses ([Figure 6e](#F6){ref-type="fig"}). In contrast, the conventional cationic PEI/siRNA complexes trigger strong responses of interleukin (IL)-1β, tumor necrosis factor (TNF)-α and IL-6. To evaluate the potential immune responses *in vivo*, production of early innate cytokines IL-1β, TNF-α and IL-6 were measured in immune competent C57/BL6 mice upon administration of RNP~8~ or siRNA (cargo only). Compared with the negative control (PBS buffer), neither agent alters cytokine production above background levels, unlike LPS, the positive control ([Figure 6f](#F6){ref-type="fig"}).

DISCUSSIONS {#S7}
===========

siRNA is one of the most valuable tools for investigation of gene function and holds great potential for use in clinical settings. However, the obstacle preventing its clinical translation is targeted delivery *in vivo*, a chronic problem associated with virtually all antisense therapies. Current nanocarriers including liposomes, polymers, peptides, and inorganic nanoparticles all suffer from one or another limitation (such as large particle size, aggregation in serum, cytotoxicity, and immune response), which helps explain the setbacks in clinical translation and commercialization. In particular, the need of cationic carrier materials for oligonucleotide condensation, protection and endosomal escape, and the need of neutral or negative surface charges for specific targeting are seemingly two conflicting design requirements, preventing the formulation of an ideal delivery system.

In this report, we describe the development of a universal siRNA nanocarrier that simultaneously achieves all the desired features such as RNA binding, endosomal escape, compact size, high payload, and biosafety. The various domains of our multifunctional designer nanocarrier are predominately composed of a small protein in the human proteome repertoire and PEG, arguably the most versatile biocompatible polymer discovered to date. The fully assembled nanocarrier features a discrete number of binding sites, which are not available in conventional liposomes, cationic polymers, and inorganic nanoparticles, and can stably immobilize virtually any double-stranded RNA molecule. Extensive biochemical experiments show that 16 bp of dsRNA binds to dsRBD at nM affinity.^[@R12],\ [@R14]^ This flexibility in selection of siRNA as well as their conjugates with various types of targeting ligands make this class of multifunctional nanocarrier an ideal system for targeted siRNA delivery ([Supplementary Figure S17](#SD1){ref-type="supplementary-material"}). Indeed, we and others have previously genetically modified dsRBD for siRNA binding.^[@R12],\ [@R25],\ [@R40]-[@R42]^ These modifications, however, are either missing critical functionalities,^[@R41]^ immunogenic,^[@R25]^ or converting dsRBD back to the conventional cationic carriers.^[@R12],\ [@R40],\ [@R42]^ In our design, the dsRBD not only provides RNA binding functionality, but also serves as a bulky protein shield, hiding short non-natural peptides from the immune surveillance.

The dsRBD octamer offers a remarkably high payload for siRNA (38% by weight), while still maintains a compact size and excellent colloidal stability in buffers and serum ([Supplementary Figure S18](#SD1){ref-type="supplementary-material"}). Both TEM and DLS measurements indicate that the fully assembled RNP~8~ complex is approximately 30 nm in diameter, which is in excellent size range for *in vivo* targeting and drug delivery.^[@R26]^ The compact and uniform size is a result of molecular self-assembly, in contrast to electrostatic aggregation (often forms large and heterogeneous particles).

In addition to RNA loading, endosomal escape is another critical factor for RNAi. Endosomal disruption by a pH-responsive histidine-rich peptide is an effective way to achieve this goal.^[@R25],\ [@R29]-[@R30]^ Unlike the dsRBD of human origin and the PEG that has been widely used in pharmaceutics, the short (H~2~E)~9~ peptide is not a natural sequence in the human proteome. In our *in vivo* experiments, the peptide is not of concern since mouse xerograph models are immune compromised for tumor growth. In patients, it might trigger minor immune responses, despite the fact that short peptides typically have lower immunogenicity than large proteins, and hundreds of recombinant proteins have received approval worldwide.^[@R43]^ To help reduce the potential immunogenicity and minimize risk for future clinical trials, we chose 8-armed PEG, a spatially crowded molecule, as the assembly scaffold. In this design, the short (H~2~E)~9~ peptide is sandwiched between two bulky molecules, the dsRBD of \~20 kDa, and the branched PEG, sterically hindering it from interacting with biomacromolecules such as antibodies, yet still remaining accessible to small ions (buffering H^+^ to help destabilize endosome). It was recently shown that a brush PEG structure (also spatially crowded) not only improves peptide drug pharmacokinetics but also dramatically reduces immunogenicity.^[@R44]^ Indeed, when RNP~8~ was evaluated for cytokine responses in PBMCs and mice, no over-expression was detected, in contrast to PEI-based delivery.

In this study, targeting is achieved with a small molecule-ligand linked to the siRNA through a cleavable bond. Taking advantage of the sequence independent binding of dsRBD, the siRNA end of the siRNA-DUPA conjugate docks into dsRBD, rendering the targeting ligand accessible. Although the conventional cationic delivery vehicles are extremely efficient in cell transfection, they generally have poor *in vivo* biodistribution profiles owing to nonspecific electrostatic interactions with the biological systems.^[@R33]-[@R35]^ The RNP~8~ avoids this issue utilizing a natural protein, dsRBD. With numerous siRNA conjugates linking siRNAs with targeting ligands ranging from macromolecular antibody to peptides, aptamers, and small molecules,^[@R11],\ [@R16],\ [@R45]-[@R46]^ personalized treatment can become available and affordable. In our current study, the DUPA ligand and siRNA are linked *via* a cleavable chemical bond, and the impact of this design feature on RNAi is significant. The disulfide bond is relatively stable in circulation and the extracellular space, but prone to rapid cleavage in the reductive intracellular space (due to higher concentration of glutathione).^[@R47]^ The resulting siRNA without the bulky targeting ligand allows siRNA-RISC interaction without steric hindrance, thus is more potent in RNAi.^[@R48]^ Similar results have been previously observed for other siRNA conjugates such as with cholesterol and PEI.^[@R47],\ [@R49]^

To evaluate the performance of the RNP~8~, we have assessed targeted siRNA delivery both *in vitro* and *in vivo*. Cell-specific gene knockdown was observed under both conditions, due to multivalent specific targeting, compact particle size, and absence of positive surface charge. Under *in vitro* condition, Lipofectamine still outperforms RNP~8~ in gene silencing. This is expected, as cationic transfection agents are proven to be effective in DNA and RNA transfection (binding with cell surface via charge-charge interactions is much faster than molecular recognition). But, they are not suitable for systemic targeted (non-liver) delivery *in vivo*, which has been a long-standing problem for many biologics.^[@R33]-[@R35]^ Notably, under *in vivo* conditions, the DUPA-targeted RNP~8~ substantially suppressed the growth of PSMA-positive LNCaP, but showed virtually no-effect in PSMA-negative PC-3 xenografts, indicating excellent targeting specificity. At the same time, the implanted tumors were not completely eliminated, as tumor cells can survive through alternative signaling pathways that promote proliferation and inhibit apoptosis. Theoretically, RNAi can control the activity of all these pathways. We envision that potentially personalized cocktail therapies by combining different siRNA sequences, siRNA and chemotherapy, and siRNA and radiotherapy, will be much more effective in treating cancer. These exciting opportunities will be explored in the future after development and optimization of the *in vivo* delivery technology.

In conclusion, the key obstacle preventing the powerful siRNA technology from clinical translation is targeted delivery *in vivo*, a chronic problem plaguing virtually all antisense therapies,^[@R50]^ and potentially a major problem for *in vivo* uses of the genome editing technology in the future.^[@R3]-[@R6]^ On the basis of the concepts of engineering and assembling natural proteins, and of sterically hiding short non-natural peptides between two bulky macromolecules for additional functionalities, we have developed an efficient siRNA delivery system that achieves all the desired design properties. Most importantly, RNA loading and endosomal escape are simultaneously achieved without excessive cationic surface changes. This delivery technology also features multivalency, enabling efficient cell uptake and potentially allowing combination of virtually any RNA sequences for combinatorial therapy. We believe that further development and clinical testing of the RNP~8~ technology will raise exciting opportunities for biologics therapy.

METHODS {#S8}
=======

Cell culture {#S9}
------------

LNCaP, 22RV1 and PC-3 cells were purchased from American Type Culture Collection (ATCC, Manassas, VA). LNCaP and 22RV1 cells were cultured in RMPI 1640 (Lonza-BioWhittaker, Allendale, NJ) supplemented with 25 mM HEPES, 10% FBS and antibiotics (penicillin: 100 units/mL, streptomycin: 100 μg/mL). PC-3 cells were cultured in DMEM (Corning, Corning, NY) supplemented with 10% FBS and antibiotics (penicillin: 100 units/mL, streptomycin: 100 μg/mL). All cells were incubated at 37°C with 5% CO~2~.

dsRBD expression, octamer formation, and purification {#S10}
-----------------------------------------------------

The protein expression vector was constructed by separately cloning the cDNA of the dsRBD domain of human PKR (cDNA of aa 1-172), cDNA of the (H~2~E)~9~ peptide and Sortase A substrate peptide (cDNA synthesized by IDT, Coralville, IW)) into the pET30a vector (the protein sequence of the whole construct is available in [Supplementary Figure S1](#SD1){ref-type="supplementary-material"}). The (H~2~E)~9~ peptide domain can be used for protein purification because it is histidine rich. The dsRBD protein was expressed in a codon-plus BL21 strain, Rossetta 2(DE3), under auto-induction condition at RT for 36 h^[@R51]^. The cells were recovered by centrifugation (5,000*g* × 5 min) and lysed by the B-PER™ extraction reagent (Thermofisher, Waltham, MA). The soluble proteins were isolated by centrifugation for 15 min at 9,000*g* and dsRBD was purified from the supernatant by Ni-affinity chromatography, followed by another round of purification using ion-exchange chromatography (Hiscreen™ Q column, pH 8.5). The purified dsRBD protein was diluted to 2 mg/mL in TBS buffer and ligated to NH~2~-GG-PEG~3~-N~3~ (10 mM) in the presence of Sortase A (0.25 μM) (overnight at RT). The azide-functionalized dsRBD was precipitated with ammonium sulfate and further purified with ion-exchange chromatography to remove free NH~2~-GG-PEG~3~-N~3~. To graft dsRBD-azide onto the branched PEG, 5 mg/ml in TBS buffer containing 20% glycerol was incubated with 8-arm PEG-DBCO (m.w. 20k, 0.0125 mM, JenKemUSA Inc, Plano, TX) at RT overnight. The dsRBD octamer was purified by gel filtration chromatography (Superdex 200 HR 10/30 column, GE lifesciences, Pittsburgh, PA) using TBS as the elution buffer. The purified octamer was concentrated and stored in TBS buffer containing 20% glycerol at −30 °C.

siRNA conjugation {#S11}
-----------------

All the reagents and organic solvent were purchased from Sigma-Aldrich. DUPA-PEG~11~-NH~2~ was synthesized according to previous reports^[@R52]^. DBCO was coupled to the amino group of DUPA-PEG~11~-NH~2~ by incubating the DUPA ligand with DBCO-NHS in anhydrous dichloromethane overnight in the presence of an acid scavenger, triethylamine. The product was then precipitated by adding ethyl ether. The crude compound (DUPA-PEG~11~-DBCO) was dissolved in 20 mM Tris-Cl buffer (pH 8.5) and purified by HiTrap^®^ Q HP column. The molecular weight was confirmed by mass spectrometry ([Supplementary Figure S2](#SD1){ref-type="supplementary-material"}).

siRNAsequences were purchased from Integrated DNA Technologies, Inc. (IDT, Inc. Coralville, IW). The siRNA sequences were stabilized by using 2′-O-methylated bases (underline), 2′-fluoro bases (italics), or phosphorothioate bond substitution (~\*~). The sequences are: Plk1 sense strand (unmodified): AGAAGAUGCUUCAGACAGATT; Plk1 antisense strand (unmodified): UCUGUCUGAAGCAUCUUCUTT; Plk1 sense strand (2′-OMe):/5′Thiol-C~6~/A[G]{.ul}A[A]{.ul}G[A]{.ul}U[G]{.ul}C[U]{.ul}U[C]{.ul}A[G]{.ul}A[C]{.ul}A[G]{.ul}A~\*~T~\*~T; Plk1 antisense strand (2′-OMe): [U]{.ul}C[U]{.ul}G[U]{.ul}C[U]{.ul}G[A]{.ul}A[G]{.ul}C[A]{.ul}U[C]{.ul}U[U]{.ul}C[U]{.ul}~\*~T~\*~T; Plk1 sense strand (2′-F):/5′Thiol-C~6~/AGAAGA*U*G*CUUC*AGA*C*AGA~\*~T~\*~T; Plk1 antisense strand (2′-F): *UCU*G*UCU*GAAG*C*A*UCUUCU*~\*~T~\*~T; Control sense strand (2′-OMe):/5′Thiol-C~6~/G[C]{.ul}G[C]{.ul}G[C]{.ul}U[U]{.ul}U[G]{.ul}U[A]{.ul}G[G]{.ul}A[U]{.ul}U[C]{.ul}G~\*~T~\*~T; Control antisense strand (2′-OMe): [C]{.ul}G[A]{.ul}A[U]{.ul}C[C]{.ul}U[A]{.ul}C[A]{.ul}A[A]{.ul}G[C]{.ul}G[C]{.ul}G[C]{.ul}~\*~T~\*~T; GAPDH sense strand (2′-OMe):/5′Thiol-C~6~/C[A]{.ul}U[C]{.ul}A[U]{.ul}C[C]{.ul}C[U]{.ul}G[C]{.ul}C[U]{.ul}C[U]{.ul}A[C]{.ul}U~\*~T~\*~T; Plk1 antisense strand (2′-OMe): [A]{.ul}G[U]{.ul}A[G]{.ul}A[G]{.ul}G[C]{.ul}A[G]{.ul}G[G]{.ul}A[U]{.ul}G[A]{.ul}U[G]{.ul}~\*~T~\*~T; GAPDH antisense strand (unmodified): UCUGUCUGAAGCAUCUUCUTT. To add an azide group, the sense strands with a thiol group (pre-reduced with 2 mM TCEP solution and precipitated with alcohol) was incubated with excess amount of N~3~-PEG~3~-OPSS (20 mM) overnight at RT. The crude RNA was precipitated with alcohol and purified by HiTrap^®^ Q HP column.

The DUPA ligand was coupled to RNA by incubating DUPA-PEG~11~-DBCO with the azide-modified sense strand via copper-free click reaction. The resulting construct was purified and hybridized with the siRNA antisense strand to create the siRNA-DUPA conjugate. The siRNA conjugate was resolved with 5% agarose gel and visualized with Gel-Red staining to confirm its size and purity.

RNP~8~ self-assembly and stability {#S12}
----------------------------------

The RNP~8~ complex was obtained by incubating the dsRBD octamer and siRNA at a molar ratio of 1:8 at RT for 5 min. The assembly was tested for stability or used for silencing experiments without further purification. For stability test, the RNP~8~ complex was incubated in 50% mouse serum at 37 °C. The siRNA in the complex was labeled with FAM (Thermofisher, Waltham, MA). Aliquots of 5 μL (10 pmol siRNA equivalent) was collected at various time points and probed on 1% agarose gel. The gel images were obtained using a fluorescence imaging system (Light Tools Research, Pasadena, CA) and a Typhoon 7000 scanner (GE healthcare, UK). The cargo payload was calculated by dividing the total weight of 8 copies of siRNA (\~112KDa) by the total weight of the entire RNP8 (\~292KDa) which contains 8 copies of siRNA, 8 copies of dsRBD, and an 8-arm PEG.

TEM characterization {#S13}
--------------------

Formvar-coated TEM grids (Electron Microscopy Sciences, Hatfield, PA) were incubated with 10 uL of protein solution for 2 min, washed twice with D.D. water and negatively stained with 0.75% Uranyl formate for 30 seconds. The grids were air-dried and stored at R.T. in dark until image acquisition. Images were obtained on a Tecnai TF20 microscope (FEI Corporate, Hillsboro, OR).

Cellular uptake, flow cytometry and confocal microscopy {#S14}
-------------------------------------------------------

To evaluate the cell binding ability of RNP~8~, it was incubated with LNCaP, 22RV1 and PC-3 cells at RT to minimize internalization. Briefly, RNP~8~ (the siRNA in it was fluorescently labeled with Alexa Fluor 555) and cells (\~40,000) were incubated for 1 h in RPMI 1640 supplemented with 1% BSA. The cells were washed with PBS and their fluorescence was measured on a LSR II flow cytometer (Beckton Dickinson, Franklin Lakes, NJ). A representative gating strategy for the flow cytometry analysis is shown in [Supplementary Fig. 19](#SD1){ref-type="supplementary-material"}. For cellular uptake, RNP~8~ incubation with cells was performed at 37°C. At the end of the incubation, cells were lysed with PBS containing 0.25% Triton X-100, and the uptake was measured by quantifying the siRNA in RNP~8~ in cell lysate using stem-loop real-time PCR^[@R53]^. To image RNP~8~ intracellular trafficking, dual-color fluorescence-labeled RNP~8~ (siRNA labeled with Alexa Fluor 555 and the dsRBD octamer labeled with Alexa Fluor 488) was incubated with LNCaP cells at 37°C and imaged at 0 min, 15 min, 1 h, 3 h and 6 h. In a separate experiment, single-color fluorescence-labeled RNP~8~ (only the siRNA is labeled with Alexa Fluor 555) was incubated with cells together with LysoTracker Green DND-26 (Thermofisher, Waltham, MA). After counter-stained with Hoechst, the cells were analyzed with a LSM 510 Meta confocal microscpe (Zeiss, Dublin, CA).

SPR assay {#S15}
---------

A Biacore T200 instrument was used for this assay (Biacore, Piscataway, NJ). PSMA (R&D system, Inc, Minneapolis, MN) was diluted to 10 μg/ml in acetic acid buffer (pH 5.0) and immobilized onto CM5 sensor chips (at ≈9,000 resonance units for the siRNA-DUPA test and at ≈1,000 resonance units for the RNP~8~ test) at a flow rate of 10 μl/min according to the manufacturer's instructions. A reference surface was used as the background control. Binding characteristics was evaluated at 25°C in DPBS buffer with 0.005% (vol/vol) surfactant, P20. SiRNA-DUPA of various concentrations (0nM, 25nM, 50nM, 75nM and 100nM) and RNP~8~ (0nM, 5nM, 10nM, 15nM and 20nM) were passed through the control and test flow cells at a flow rate of 30 μl/min. The test was run in a single cycle kinetic model without regeneration of the surface.

*In vitro* RNAi and quantitative measurements {#S16}
---------------------------------------------

RNP~8~ was assembled by incubating the dsRBD octamer and siRNA-DUPA in DPBS for 5 min under sterile condition. 2 × 10^5^ LNCaP cells were treated with fresh RNP~8~ for 12 h in RPMI 1640 media plus 10% Q-serum^[@R42],\ [@R54]^, followed by a media exchange. As a positive control, cells were treated with 100 nM siRNA in the presence of Lipofectamine 2000 according to the manufacturer's recommended protocol (Thermofisher, Waltham, MA). Thirty-two hours post-treatment, cells were harvested for RT-PCR and immunoblotting. Briefly, total RNA was isolated and reverse transcribed into cDNA using random hexamer and Taqman^®^ Reverse Transcription reagents (Thermofisher, Waltham, MA). mRNA expression was measured using SensiFast SYBR kit (Bioline, Taunton, MA) on Chromo4™ Real-Time system (Bio-Rad, Hercules, CA). Plk1 mRNA expression level was normalized to peptidylprolyl isomerase A (PPIA) and expressed as the percentage of negative control. Immunoblotting was performed as previously reported^[@R55]^ and all antibodies were purchased from ThermoFisher. The immunoblots were imaged on an Odyssey^®^CLx imaging system (Li-cor, Lincoln, NE) and analyzed with Image Studio Lite.

Cell viability, cell cycle and apoptosis assays {#S17}
-----------------------------------------------

LNCaP cells were treated with 300 nM of siRNA-DUPA or RNP~8~. Un-treated cells were used as the negative control, whereas siRNA-DUPA with transfection agents was used as the positive control. The cells were processed on the third day after treatment. Cell viability was measured using the CellTiter-Blue^®^ (AlamarBlue) Cell Viability Assay kit (Promega, Madison, WI), following the manufacturer's protocol. To probe the cell cycle profiles, cells were first trypsinized with TrypLE™ Express Enzyme reagent (Thermofisher, Waltham, MA) and washed twice with DPBS. After incubation with Vybrant^®^ DyeCycle™ Orange Stain (Thermofisher, Waltham, MA) at 37 °C for 30 min, the stained cells were analyzed on a flow cytometer using 532 nm excitation. To test apoptosis, cells were stained with Alexa Fluor 488-labeled annexin V and propidium iodide (Thermofisher, Waltham, MA) for 15 min at RT. Cell fluorescence was measured with flow cytometry.

*In vivo* biodistribution and targeted RNAi {#S18}
-------------------------------------------

All protocols were approved by the University of Washington, International Animal Care and Use Committee (IACUC). LNCaP or PC-3 cells were trypsinized, washed with PBS, and resuspended in Matrigel™ (BD Biosciences, San Jose, CA). 5 × 10^6^ cells were injected subcutaneously into 6-8 week-old male Nu/Nu mice (Charles River, Wilmington, MA). Tumor growth was measured twice a week and the size was calculated using formula length × width^2^/2. For *in vivo* biodistribution studies, RNP~8~ with Alexa Fluor 680-labeled siRNA-DUPA (1 mg/kg, total volume of 250 μL) was administrated into mice bearing LNCaP tumors (400 - 600 mm^3^) via tail vein injection. Near-infrared (NIFR) optical images were taken on an IVIS imaging system (Perkinelmer, Waltham, MA) 3, 8 and 24 h post injection. At the endpoint (3 h, 8 h and 24 h post injection), mice were euthanized and the tumors as well as other major organs were harvested for *ex vivo* imaging. The fluorescence intensities of tissues were analyzed with the Living Image Software from Perkinelmer (Waltham, MA) and normalized to the weight of the corresponding tissues.

For *s.c.* tumor challenge, mice were intravenously injected with PBS, of siRNA-DUPA alone (4.3 nmol), RNP~8~ (equivalent amount of siRNA) or RNP~8~ missing certain functionalities (DUPA ligand, cleavable disulfide linkage, or the H~2~E repeats) after the tumor sizes have reached 100 mm^3^. The PEI/siRNA-DUPA polyplex was prepared according the literature^[@R56]^ and intravenously administered to tumor-bearing mice as a control. Tumor growth was monitored three times a week. Intravenous injections were repeated every three day for 32 days (LNCaP) and 25 days (PC-3). The body weight and tumor mass were also measured at the endpoint of the treatment. The growth curves were plotted as mean tumor volume ± SEM.

Histochemical analysis {#S19}
----------------------

Tissues were fixed in 4% paraformaldehyde/PBS for 6 h and placed into a 30% sucrose/PBS solution overnight at 4°C. The fixed tissues were cut into 6 μm-thick sections with a cryostat. The sections were stained with hematoxylin and eosin (H&E) for histopathological assay, or processed with TUNEL using the In Situ Cell Death Detection Kit (Roche, Pleasanton, CA). For immunostaining of Plk1, slides were blocked with 3% H~2~O~2~-methanol for 15 min at room temperature, treated with mouse anti-Plk1 antibody (Thermofisher, Waltham, MA) overnight at 4°C, with HRP-conjugated secondary antibody, and with DAB. The tissue sections were counterstained with hematoxylin for nucleus visualization. To image siRNA penetration into solid tumors, mice were given RNP~8~ containing Alexa Fluor 555-labeled DUAP-siRNA. Tumors were harvest 4 h post injection, fixed, and cryosectioned. The specimens were counterstained with Alexa Fluor 488 phalloidin (10 nM, Thermofisher, Waltham, MA) and mounted in Pro-long diamond mounting media (Thermofisher, Waltham, MA). The slides were analyzed on a LSM 510 Meta confocal microscope.

Evaluation of potential immune responses {#S20}
----------------------------------------

Human peripheral blood mononuclear cells (PBMC, Zen-bio, Research Triangle Park, NC) were washed twice in RPMI 1640 and resuspended in complete culture media at a concentration of 5 × 10^6^ cells/mL. 100 μL of cell suspension was seeded into 96-well plate (5 × 10^5^ cells/well) and treated with PBS, 200 nM siRNA, RNP~8~, PEI/siRNA complex, or LPS (10 μg/mL) and PHA (20 μg/mL). The cell culture supernatants were collected after 24 h and 72 h incubation. Cytokines were analyzed using LEGENDplex™ Human Cytokine immunoassay (Biolegend, San Diego, CA).

To evaluate potential *in vivo* immune responses, immune competent C57BL6 mice were injected with PBS, siRNA (2mg/kg), RNP~8~ or LPS (2 μg per mouse) intravenously. Two hours post administration, mice were sacrificed and the blood was collected for cytokine analysis using LEGENDplex™ mouse Cytokine immunoassay kit (Biolegend, San Diego, CA).

Life Sciences Reporting Summary {#S21}
-------------------------------

Further information on experimental design is available in the Life Sciences Reporting Summary.

Data Availability {#S22}
-----------------

The authors declare that all data supporting the findings of this study are available within the paper and its Supplementary Information.
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![Schematics and characterizations of RNP~8~ and its intermediates\
(a) Assembly between multivalent dsRBD and siRNA-targeting ligand bioconjugates, resulting in cargo loading with precisely controlled stoichiometry and highly accessible targeting ligands. (b) Oligomerization of dsRBD-azide on 8-arm DBCO-PEG *via* copper-free click chemistry. SDS-PAGE gel electrophoresis indicates that increasing molar ratio of dsRBD over PEG eventually leads to saturated PEGylation (formation of octamer). (c) Separation of dsRBD octamer from excess dsRBD using Superdex™ 200 size exclusion chromatography. (d) Titration of varying amount of dsRBD octamer to siRNA of fixed quantity. 20 pmol of FAM-labeled siRNA is titrated with varying amount of dsRBD octamer (from left to right: 0, 1.25, 2.5, 5, 10, 15, 20 and 40 pmol. RNP~8~ is obtained at molar ratio 16/1 and 8/1 (2^nd^ and 3^rd^ lanes from the left). More dsRBD octamer leads to unsaturated octamer with smaller gel shifts (4^th^-8^th^ lanes). Additional fine titration studies near ratio 8 can be found in [Supplementary Figure S4](#SD1){ref-type="supplementary-material"}. (e) Stability of RNP~8~ in 50% mouse serum at 37 °C. Dissociated siRNA is quantified against the pure siRNA band (1^st^ lane from the left). Quantitative dot plot of the gel band fluorescence intensities is shown in [Supplementary Figure S5](#SD1){ref-type="supplementary-material"}. The dissociation is slow with a half-life of approximately 18 h. (f) TEM micrographs of RNP~8~ stained by uranyl formate showing uniform and compact nanoparticles. (g) Selected raw images of 7 representative RNP~8~ particles. Raw images are shown in the upper row, and the corresponding low-pass filter processed and masked noise-reduced images are shown in the middle row and bottom row, respectively.](nihms947886f1){#F1}

![PSMA-mediated specific RNP~8~ binding to cells\
(**a**) LNCaP (PSMA^++^), 22RV1 (PSMA^+^), and PC-3 (PSMA^−^) cells incubated with Alexa Fluor 555-labeled siRNA-DUPA or RNP~8~ (the RNA component is also labeled with the same fluorophore) at RT for 1 h. Cell binding is assessed by flow cytometry, after cells are treated with RNP~8~ or siRNA-DUPA (siRNA concentrations for both experiments are 100 nM). (**b**) Equilibrium competition binding assayby addition of PMPA to siRNA-DUPA treated LNCaP cells (upper panel) and RNP~8~ treated LNCaP cells (bottom panel). The siRNA concentrations for both experiments are 100 nM. The inhibitor concentration (from left to right) are 2,000 nM, 400 nM, 50 nM, 0 nM (4 curves on the right) for the upper panel, in comparison with untreated cells (curve on the left); 10,000 nM, 800 nM, 100 nM, 0 nM (4 curves on the right) for the bottom panel, in comparison with untreated cells (curve on the left). (**c**) Profiling the binding affinity of Alexa Fluor 555-labeled DUPA, siRNA-DUPA, complex of siRNA-DUPA and dsRBD monomer, and RNP~8~ to LNCaP cells. RNP~8~ shows higher binding affinity than siRNA-DUPA, than siRNA-DUPA complexed with dsRBD monomer. (**d**) Biacore SPR analysis of the dissociation constant (K~D~) between siRNA-DUPA and PSMA, and between RNP~8~ and PSMA. RNP~8~ shows significantly higher binding affinity (lower K~D~) to the PSMA receptor compared to the monovalent siRNA-DUPA.](nihms947886f2){#F2}

![RNP~8~ cell uptake and intracellular trafficking\
(**a**) Quantification of siRNA uptake using stem-loop real-time PCR. siRNA uptake after 2 h incubation at 37 °C is normalized to the concentration of total protein in cell lysis (mean ± s.d., n = 3). \*, *p* = 0.0461; \*\*, *p* = 0.0039 (two-tailed t-test). (**b**) Kinetics of RNP~8~ internalization into LNCaP cells. After acid-wash of the surface-bound RNP~8~, the internalized siRNA is analyzed by flow cytometry (top row) and confocal microscopy (middle and bottom rows). For time dependent uptake, LNCaP cells are treated with RNP~8~ (total siRNA-DUPA concentration 50nM, fluorescence labeled). For concentration dependent uptake, the incubation time is 1 h. Scale bar, 10 μm. (**c**) Intracellular trafficking of truncated RNP~8~ (without the H~2~E repeats) and RNP~8~ (full sequence) in LNCaP cells. siRNA-DUPA is labeled with Alexa Fluor 555 (red) and endosome/lysosome is labeled with LysoTracker Green (green). Appearance of intracellular red fluorescence for RNP~8~ (full sequence) after 6-h incubation indicates endosomal escape (low-magnification image shown in [Supplementary Figure S8](#SD1){ref-type="supplementary-material"}). The truncated RNP~8~ only shows some red fluoresce on cell surface due to initial binding, but virtually no red signal inside cells. Scale bar, 10 μm. (**d**) Intracellular monitoring of RNP~8~ dissociation in LNCaP cells. siRNA-DUPA (Alexa Fluor 555, red) remains associated with dsRBD octamer (Alexa Fluor 488, green) on the cell membrane and in early-stage endosomes (merged color yellow), while dissociating beyond 3 h incubation. Scale bar, 10 μm. (**e**) Dose-dependent siRNA displacement from ribonucleoprotein (dsRBD-siRNA complex) by total RNA isolated from cells, miRNA, or TAR RNA (the curves are plotted as means ± s.d., n = 3). The TAR RNA is the natural binding substrate of dsRBD and serves as a positive control in this experiment. The full images are displayed in [Supplementary Figure S10](#SD1){ref-type="supplementary-material"}.](nihms947886f3){#F3}

![Silencing of Plk1 by RNP~8~ *in vitro*\
(**a**) Gene silencing by RNP~8~ compared to controls including scrambled control siRNA, siRNA only, siRNA-DUPA only, and siRNA-DUPA in the presence of Lipofectamine 2000. RNAi is quantified by real-time PCR (mean ± s.e.m., n = 3). *p* = 0.0144; \*\*, *p* = 0.0009 compared to the scrambled control (two-tailed t-test). (**b**) Plk1 protein expression determined by Western blotting. Full images are available in [Supplementary Figure S11](#SD1){ref-type="supplementary-material"}. (**c**) Plk1 protein expression assessed by flow cytometry. (**d**) Proliferation of LNCaP cells treated with siRNA-DUPA or RNP~8~ (determined with the Alamar Blue assay, mean ± s.d., n = 4). RFU, relative fluorescence unit. \*, *p* = 0.0001 (two-tailed t-test). (**e**) Cell cycle profiles of LNCaP cells treated by various siRNA agents. The DNA content is determined by flow cytometry 48 h post treatment. siRNA-DUPA transfected with Lipofectamine is used as a positive control for mitotic arrest. Scr-RNP~8~: RNP~8~ with scrambled control siRNA. (**f**) Cell apoptosis determined by Annexin V and PI staining. Viable, early apoptotic, late apoptotic and necrotic cell populations (%) are shown in the lower left, lower right, upper right, and upper left quadrants, respectively. Results are representatives of three independent experiments obtained with flow cytometry.](nihms947886f4){#F4}

![Biodistribution of siRNA-DUPA and RNP~8~ in tumor bearing mice\
(**a & b**) NIRF imaging of mice bearing LNCaP or PC-3 tumors after intravenous injection of Alexa Fluor 680-labeled siRNA-DUPA, RNP~8~ without DUPA or RNP~8~. Left column: whole-body NIRF imaging of mice. The black arrow indicates the location of tumor (the sizes of the tumors shown are 442, 540, 464, 480, 588, and 560 mm^3^, respectively). Middle column: *ex vivo* imaging of tumors and other major organs 24 h post injection. Right: quantitative analysis of the *ex vivo* fluorescence signals (mean ± s.d., n = 3). \*, *p* \< 0.05 (two-tailed t-test). (**c**) Pharmacokinetic study of siRNA-DUPA and RNP~8~ by quantifying blood siRNA concentration in mice using stem-loop real-time PCR (mean ± s.d., n = 3). (**d**) Confocal microscopic images of tumor sections from mice injected intravenously with siRNA-DUPA, RNP~8~ w/o DUPA, or RNP~8~. Red, Alexa Fluor 555-labeled siRNA; green, Alexa Fluor 488 Phalloidin; blue, nuclear staining with DAPI. Scale bar, 10 μm.](nihms947886f5){#F5}

![*In vivo* RNAi with RNP~8~\
(**a**) Mice bearing LNCaP tumors (left panel) and PC-3 tumors (right panel) were injected with PBS, siRNA-DUPA or RNP~8~ intravenously at equivalent siRNA dose (2 mg/kg) every third day, starting on the 39^th^ day post LNCaP implantation or 9^th^ day post PC-3 implantation (mean ± s.e.m., n = 5-7) \*, *p* \< 0.05 (two-tailed t-test). (**b**) Grouped scatterplots showing the tumor mass (red dots against y-axis on the left) and body weight (blue dots against y-axis on the right) at the endpoint of the treatment (mean ± s.d., n = 5-7). \*, *p* = 0.0011 (two-tailed t-test). (**c**) Antitumor treatment comparison of PBS, PEI/siRNA, RNP~8~, and a number of RNP~8~ missing certain functionalities in mice bearing LNCaP tumors (mean ± s.e.m., n = 5-6). \*, *p* \< 0.05 compared to PBS (two-tailed t-test). (**d**) Histological study showing a serpiginous area of necrosis (H&E staining), reduced Plk1 protein expression (IHC staining), and cell apoptosis (TUNEL staining) in LNCaP tumors treated with RNP~8~ compared to control groups treated with PBS or siRNA-DUPA (upper panels), whereas virtually no difference is observed between RNP~8~ treated PC-3 tumor and controls (bottom panels). (**e**) Analysis of cytokine induction in human PBMCs at 1 day or 3 days after treatment with PBS, siRNA (2′ OMe), RNP~8~, or siRNA plus PEI. Lipopolysaccharide (LPS, 10 μg/mL) and phytohemagglutinin (PHA, 20 μg/mL) are used as positive controls. Cytokines that regulate the innate immunity, IL-1β, IFN-α, TNF-α, and IL-6, are shown in the upper row, and cytokines that regulate adaptive immunity, IFN-γ, IL-2, IL-4 and IL-13, are shown in the bottom row (mean ± s.d., n = 3). (**f**) Analysis of early innate cytokine induction by PBS, siRNA (2′ OMe), RNP~8~ and LPS in C57BL/6 mice (mean ± s.d., n = 3).](nihms947886f6){#F6}
